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Olrect thermal neutron capture

S. Raman and S. K&hanef

Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831 USA

J E Iynn

Los Almos National Laboratory, Los Alamos, New Mexico 87545 USA

ABSTRACT: Ue dtscuss the direct-capture theory pertaining to primary
electrlc dipole (El) transitions following slow-neutron ca ture.

!
For

light nuclides that we have studied (including ‘Be, 12C, 1 C, 2’Wg,
Z5M9, 26?4g,32s, 33s, 34S, bOCa, and 4bCa), estfmate! of direct-
cap’wre cross sections using optical-model potential! with physically
realistic parameters, are in reasonable agreement wilh the data.
Minor disagreements that exist are consistent with ext.,p~lations to
light nuclldes of aenerally accepted forinulatlonsof compound-nucleus
capture, Me also discuss the channel-capture approximation filch is,
in general, a gocd representation of these cross sec”;ionsin heavier
nuclef particularly if the scattering lengths are no: different from
the corresponding potential radii. He also draw att~ntion to cases
where the use of this formula leads to inaccurate pr~dictlons.

1. INTRODUCTION

In a series of papers on slow-neutron-captureby light nuclldes, we have
analyzed, In a quantitative manner, the importance of the direct-capture
mechanism In an optical-model framework. [n $Imple terms, this rnechts-
nlsm {nvolvwi the transition of a sfngle neutron orbiting tn an s-state
in the uverall potenti~l field of the target nucleus 10 a bound p-wave

c../ orbit. The basif theory of this muchanism was develofed by Lane and
Lynn [1] and by Cugnon and *MUX [2]. This theory wiIsemployed in the
analysis of experimental data in a fully quantitative w~y tn ~ series of
papers begfnninq with Raman W al. [3] on the S isotolles(this paper dlso
contains e full resume of the theory) and following wth Lynn et al. [4]
on 9Ee hnd C isotopes and Kahane ct al. [5] on the evl!nCa Isotopes, In
these papers, it was demonscrdted that direct capture is indeed the
predominant mechanism in these IIUCIICI?Sand that the ‘emainlng (usually
small) dlscrepanries betw~en ~hese quantitative estfmstes and the
experimental datd can be attributed plausibly to contributions from the
much mor~ compltcatwi and statistically oriented “compound-nucleus”
contributions from local compound-nucleus levels. In the current paper,
we discuss briefly the direct-capture theory and sunsnar{zethe results
obtalncd tl.usfar on these compound.-nucleuscontributions.
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In the original Lane and Lynn [1] work, a ve?y simp e fflrmua was
capture, inestablished for “pure” direct capture, namely “hard-sph~:re”

which the scattering wave function of the neutron was a!,sumedto have a
node at the radius of the nucleus; the nucleus, in turn, was assumed to
be a hard sphere with negligible internal penetration o’ the neutron
wave function permitted. This simple concept could be l?asilygeneral-
ized to account for actual cases of neutron scattering, for which the
thermal-neutron scattering length is generally differ?n; from the poten-
tial radius; this generalization is known as “channel” :apture. This
channel-capture formula was shown in the Lane and lynn paper to be suc-
cessful in explaining semi-quantitativelya considerable?volume r; cap-
ture data extant at that time. Since then this formula has been shown
by Wghabghab [6] and by many others [see ref. 5 for a detailed list of
references] to be approximately valid for many new and more precise data
that have been published in the ensuing two decades. This success has
even led to the use of this formula as a tool for determining nuclear
quantities of Interest (nuclear potential radii, for example). W have
discussed elsewhere, both in general terms [7] and in specific terms
[8], the somewhat uncritical use of the channel-cwture formula. To
buttress our criticisms, we present in the current papfr an Illustration
that shows explicitly the consequences of those approximations.

2. ESTIMATESOF DIRECT CAPTURE
*

Ue calculate the cross sections of the main primary El transitions from
the data on final-state excitation energies, (d,p) spw;troscopic
strengths, and scattering lengths. tieemploy two diff(:rentapproaches;
(a) a combination of global optical model plus a v&ilenl:econtribution
from local levels, which we call the [G+V] approach, a’~d(b) a spe-
cialized optical model [S] approach in which the optlc~l model parame-
ters are chosen to reproduce the scattering lengt3 of the particular
nuclide in question. In both appro~ches, we vary the real wel1-d~pth of
the optical potential in order to reproduce the binding energy of the
fifjalstate. The cross sections calculated by these t~o approaches
differ at most by 6% thus reinforcing our confidence in the methods of
calcul~tlon.

The best way perhaps to illustrate these approaches IS to present the
initial state and final state wave functions, the radtal integrand, and
the radial Integral for an actua; case that we studiec recently. The
square of the radial integral is roughly proportional to the capture
cross section. Me show in fig. l(a) the above quantities calculated for
th~ 6.421-MeV primary El transition to the 1,943-MeV, 3/2- final state
in ‘°Ca. The solid lines In fig. l(a) are for the glfb&l optical poten-.
tial given fn ref. 5. From the initial state wave furtctionit can be
seen clearly that the global optical potential fails ~,o(uor is it
expected to) reproduce the measured scatt~ring length of 4.9 fn!. The
clffferencefs due to nearby compound-nucleus levels. These Ievcls, in
turn, wII1 have some valaIIcer~d~ation width which at ses from the pro-
jection of the single-particle s-wave state out of thl:compounci-.~ucleus
wave function. This width&an be calculated with the iame global poten-
tial. The direct-capture cross sectton can then be o)talned b;’colN-
bining the amplitude representing the potential-captune cross soctlon
with the amplitude representing the valence contributions and by
%quarlng the resultlng quantity [see oq. (2) of’ref. 5J. This th~n !$
the [G*V] approach. In the case shown in fig. l(a), [GJ alone gives 64/
mb and [G$V] glvcs 160 mb, compared to 167 i ?S mb t’romexpel-ime~lt.
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F~g. 1. Inftial-state and final-state wavefuncttons, radial integrand,
and radid~ integral calculated for (a

i
the 6,421-MeV transition In ‘iCa

and (b) the 6.810-MeV transition in 1 F@, The solid, dotted, and dashed
I{nes are explatned {n tho text. Additional details are given in refs.
[4] al~d[5].
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T$e dotted lines in fig. l(a) are for a specialized [S] optical model
that reproduces the scattering length. The final-state wave functicm in
this case is the >ame as that-for the [G+V] approach. In the [S]
approach, no further adjustments are needed and the square of the radia’
integral is directly proportional to the direct-capture cross section.
In fig. l(a), the [~j result ts 158 mb, agair compared to 167 t 25 from
experiment.

In these optical-modelcalculations, we consistently s~ek and employ a
set of optical-model parameters and final-state real p[’tentlalparame-
ters which are physically reasonable In the sense of &ing close to
those expected from global models reproducing large bodies of data
covering extensive ranges of scattering and energy-lev(!lproperties.
Opt+cal-model parameters selected without due circumsp~!ctionyield cross
section predictions that can v$ry by as much as ~ 30%. men care is
exercised, however, ths predictions are stable to t 5% except when the
radial integrand has large positive and negative terms that nearly can-
cel. Such cases warrant a careful and detailed study it least when it
comes to the application of the Lane-Lynn direct-captu’e theory to such
cases.

The dashed lines in F{g. l(a) and the dashed and dottel lines in Fig.
l(b) correspond to the channel-capture approximation wtich wI1l be
discussed later in this paper.

3, COMPOUND-NUCLEUS RAOIATIVE CAPTURE

For the rwclides that we have studied (gBe, ‘2C, ~3C, 32S, 3PS, 34S,
40Ca, and “Ca) the calculated cross sections fur most of the primary
transitions are tn good agreement wlt.hthe data, He zttribute dny dif-
ferences to a compound-rucle’lscomponetitin the capture amplltud~ from
the tall$ of ne~rby ri?sofianCestateS. The term “compcund-nucleus
radidtive amplitude” is used in our work ds a generic term for nwcha.
nlsms Involvlng more general features of the wave funttions than the
simple projections of neutron motion In the field of ~he unexcited core
of the target.

He can attempt to assess the plausibtllty of this compound.aucleus
hypothesis in the followlng way. from the theorotica’ value of dlrect-
capture cross section calculated by either the [G+V] l~r[S] method and
from thd experlmentdl value, we deduce the compound-nllcleu$capture
cross section using

ay(exp) w (u ~1~ ? a 1/2)2 ,
Y,dir Y,CN (1)

dnd IWWW from this qudntit.y the factcr E 3.
1

From tle ave~age value of
UYOCN/EY3 for each case, we df?dt)cea quant ty proportional to the
:.ompound-nucleu$rad~ation width frw the relation [see eq. (12) of
raf, 5]

(2)
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This quantity can then be compared with the Cameron semi-empirical rela-
tionship [9] deduced from a wide range of neutron resonznce radiat?on
widths,

r #y3
m 0,33 x 10-9A2’3 MeV-3 . (3)

o

The resonance energy EA (which can be positive or negative) can be
expected to be of the order of or rather smaller than tlielevel spacing
D. Therefore, we expect the quantity on the left-hand iide of eq. (2)
to be about equal to or somewhat larger than the quanti~y on the right-
hand side of eq. (3).

Table 1: Direct capture cross sections for primary El tran-
sitions, calculated with specialized optical mdel parame-
ters, are compared with experimental values. The compoumi-
nucleus contributions are deduced using eq. (l).

Primary
E-f(Mev)

ay(exp)
mb

aY#’4

3.918
3,054
2.610

4,217
3.832
3.744
3.551

(A) “Mg(n,y) reaction

17 36
5 9
0.2 0.1

(t3)2sMg(n,y) reaction

14
16 :;
12 12
3 9

3,5
0.6
0.02

0.!)8
3.7
000
1.6

(C) 26Mg(n,Y~ reaction

?.884 40 24
1.617 10 5 :::
0.535 O*3 0.01 0.2

Before testing this conjecture, we present in table 1 the results of
$ome recently completed optical-model calculations of the direct-capture
cross sections for the Mg fsotopes. Uhen combined with our previously
published results, we are now {n a posltlon to assess th~ overall
sltuatfon concerning the compound-nucleus contributions for the nucildes
that we have studied. The results are sununarizedin table ?. [t IS
apparent that the qualitative k!nd of aqreanect antltlpiitedin the pre-
ceding paragraph is indeed fOUnd for nearly all nuc14des In that table.
As an explanation for the abnormally low value IK tht~case of ‘3C, we
note that only one translt!on Is Included in tho avel”ageand its
r~diatlon width is subject to Porter-Thomas iluctuatlons.

I .



Table 2: Smnary of compound-nucleuscontributions

Our result Cai~eron

Number of
‘r CN/EY3>

Nucleus transitions + ‘Wfg’

(N@@) (M?V-3)

gBe
12C
L3C
24Mg

25M9
26plg

32s
33s
34s

4oc~
44c~

3
2
1
3
4
3

Ii
5

1:

-0.5 x 10”9
-1.3 x 1O-’J
-0.01 x 10-9
-13 x lo”~
19 x 10-9

540 x 10-9
40 x 10-9
-;: ; ;:-;

-6.4 X 10:9
-108 X 10-9

1.4 x
1.7 x
1.8 X

2.7 x
2,8 X
2.9 X

3,3 x
3,4 x
3,5X
3,8x
441%

P.e

.0-9
LO-9
[0-9
10-9
f)-9
IO-9
LO-9
LO-9
LO-9
10-9
~(p!l

In only one case- that of 26flg-does it appear that ~he quantfty
listed in column 3 of table 2 is excessively greater tlan the Cameron
estimate listed In column d. Furthermore, the compoun.i-nucleuseffects
deduced for all three transitions are separately much greater than the
Cameron value suggesting that there is a mechanism othar than compound-
nucleus capture operating here and that this mechanism could w1l be
anticorrelated wfth the direct-capture mechanism. Ue note that unlike
the other nuclides llsted in table 2 the Mg isotopes are defomed or
deformable targets. This fact gives rise to the possibility of coupling
in a correlated manner certain inelastic charmels to tbe elastic scat-
tering of the i~cident neutron. A radiative capture component will be
associated with these coupled-channel wavefunctions ard this component
will affect the calculated capture cross section. If it reduces the
overall d~rect-capture cross section, it might be wmcessary to
hypothesize a large compound-nucleus contribution. W@ are currently
carrying out dettlled calculations to test this idea.

4. CHANNEI.-CAPTUREFORMULA

The channel-capture formula is g{ven by

[

R-as 1y+z 2
1+

‘I ,ch m ‘y,hs —Y—
R y+3

wh~re the hard-sphere Ci*O$s section Is given by

[]( J0.0614 Z 2 Mt+mn 3 2Jf+l

(1
y+3 “’2

ay,hs = ‘“-- “- “—— —
$dp —-- yz

R~Elab~,A Mt 6(21+1) “y.il#

(4)

(5)
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(6)

R-
..

E~a; -
tt-
llln-
Jf -
I-
sdp-

and m -

potential radius
scattering length
laboratory energy of incident neutron
target mass
neutron mass
spin of the final state
spin of the target nucleus
spectroscopic factor
reduced mass of the neutron + nucleus system.

The channel-capture formula Is an approximation to a MCre preclse esti-
mate of the cross section obtained from a mod@l of dlrcct capture based
on single-particlemotion in a nuclear optical-potentitl well. The
principal approximations are that the initial radial w.ve function is
}>reciselylinear with a node at the s-wave scattering “ength and that
the ffnal p-state wave function is exactly a spherical Hankel function
of order 1. These approximations are based on the ass(lmptionthat the
nucleus Is extremely sharp edged. Oevlattoos from the:;esimple analytl-
cal forms iirfslngfrom the diffuseness of the nuclear potential beyond
the potential radius are totally ignored. Other approximations In the
formula are the use of a very crude estimate of the p-%tate wave func-
tion at the otential radius R (the amplftude of the wt~vefunction is
taken as & and the complete neglect of any contribution to the
radial dipole integral from the internal region of the nuclear potential
well.

The approximations inherent in the channel-capture fornula are shown by
dashed lines in fig. l(a). The initial state is modified slightly com-
pared to the specialized optical-model wave function (dotted 1ine). The
final-state wave function is however modified considerably compared to
the optical-model wave function. Nevertheless the changes are SUCJ1that
the final calculated cross section, represented by the square of the
radial Integral, iS quite simlI.ar(but w 20% smaller) to that given by
the specialized optical model. For R z 4,57 fm and as ● 4.90 fn!,the
channel-capture approximationyields a cross section cf 112 nb for the
6.421 MeV transition, compared to 158 mb from the specialized optlcal-
model approach and 167 * 25 mb from experiment.

In general, the channel-capture formula should be adecuate for treating
dfrect capture In heavy nuclei (A > 30 for example) s(1long as the scat-
tering length and the corresponding potential radius {10not differ by
much and the required accuracy In the predicted cross sections Is typl-
Cal!y only about 20%0

The sftuation cdn be much more complicated fn the cas(!of lfghter
nuclel. Take ‘Be for example. The specialized optlc~ll-modeltreatment
(as m 7.o fro),shown by the solid llne in ftg. l(b), leads to a dlrect-
capture cross sectfon of 6.9 mb for the 6.810-tleV tral~sitlonto the

/ ‘1
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ground state of ‘OBe compared to the measured value of \.9 k 0.S mb. In
fig. l(b), we also show two different representationso: the channel
capture approximation. The dashed lines are for R = 2.:11fm and the
dotted lfnes for R = 3.76 fm. It is immediately clear from this figure
that the mock up of the final state wave function in th: channel-capture
approximation is especially poor. Moreover there is strong cancellation
between the negative and posttive portions Of the radial integrand. The
net result is that the @irect capture cross section is very sensitive to
the value assumed for thii@tential radius. A choice of R = 2.81 fm
results In a channel-capture cross section of 14.8 d; R = 3.76 fm
results in 4.8 mb. This sensitivity arises rmlrefrom the modifications
made to the wave functions)and from the large cancellations particular
to thfs case, than from any significant contributions from the internal
region of the potential well. [The internal contribution is negligible
also in the ‘°Ca case shown in fig. l(a).] Therefore in ‘Be a wide
range of capture cross section values can be predicted depending merely
on an arithmetical rather than physicdl choice of the ~lotentialradius.

On the basis of careful studies and detailed calculatitms, we conclude
that in the case of light nuclei and in cases where th[!scattering
length is much greater than the potential radius the b’ind’’useof the
cha~nel-capture-formula is not to be reconwrended.
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